Performance evaluation and comparison of multi-carrier code division multiple access (MC -CDMA) system model for usually used spreading sequences (Golay, Zadof-Chu, Gold) 
INTRODUCTION
Spread spectrum techniques have been used in wire and wireless communication [14] . Sequences derived from chaotic phenomena are actively being considered for spread-spectrum communications [15] . In last decade there has been an increasing amount of interest in chaotic sequences in multiple access systems. One major difference between chaotic sequences and another type of Pseudorandom Number (PN) sequences is that chaotic sequences are not binary. Therefore the main advantages of their usage are increased security of the transmission and also ease of generation and visualization of great number of sequences [24] . Generation of chaos is described in [22, 23, 25] , Direct Sequence Spread Spectrum (DSSS) CDMA with chaotic sequences is described for example in [14] , Direct Sequence (DS) CDMA is described in [15] [16] [17] [18] [19] [20] [21] and MC/DS CDMA is described in [4] . Chaos is a deterministic, random-like process found in non-linear dynamical system, which is non-periodical, non-converging and bounded. Moreover, it has a very sensitive dependence upon its initial condition and parameters. Chaotic signals can be used in communication systems [26] . This paper is dealing with chaotic sequences in MC CDMA system. The generation of orthogonal sequences is utmost importance in these systems, in order to increase the spectrum efficiency in multirate communications systems. In CDMA, sets of non-correlated sequences with good autocorrelation and crosscorelation properties are also required in order to provide low interference between users [12] .
Section 2 describes introduction to chaotic sequences, section 3 deals with MC -CDMA system model, section 4 describes nonlinear models and section 5 describes the performance analysis of the MC -CDMA system using of spreading sequences.
CHAOTIC SEQUENCES
The pseudo-noise sequences such as Gold, Golay, Zadoff-Chu and Walsh Hadamard are the most popular spreading sequences that have good correlation properties. However generators of these pseudorandom sequences can generate the finite number of states for several users. On the other hand a chaotic sequence generator can visit an infinite number of states in a deterministic manner and therefore produce a sequence which never repeats itself [4] . In this section the three types of chaotic sequences are described. The first one is generated by improved logistic map, the second one is generated from chaotic map with different slopes and the third one is generated by tent function.
A chaotic map is a discrete-time dynamical system ( )
running in chaotic state. The chaotic sequence
can be used as spread-spectrum sequence in place of PN sequence in conventional Direct-Sequence, SpreadSpectrum and Multi-carrier (DS/SS/MC) CDMA communication systems. Chaotic sequences are uncorrelated when their initial values are different, so in chaotic spread-spectrum systems, each user has the different initial value.
Chaotic map with different slopes
The chaotic sequence (shown in Fig. 2 ) with biased values (q and r), when initial value x k = 0.2 is used. It was done from the Bernoulli shift map (Fig. 1) 
The slopes of the map can be changed by making a decision parameters q (0.5 ≤ q ≤1.0) and r (0.0 ≤ r ≤ 1.0).
As an example, chaotic sequence with biased values q and r equal 0.5 and 0.1 respectively is shown in Fig. 2 . 
The tent function
The tent function is the next example of chaos used in our simulation. The chaotic sequence generated by tent function [6] is described by: As an example, chaotic sequence generated by tent function, where parameter a = 0.5 and initial value x k = 0.075 is shown in Fig. 3 .
Improved logistic map
Improved logistic-map is defined by [1] :
The chaotic sequence:
generated by improved logistic-map (Fig. 4) , is neither periodic nor converging and sensitively dependent on initial value (initial value is set to x k = 0.2 and x k = 0.25 depicted by solid and dotted line, respectively). 
Characteristic and properties of chaotic sequences
The chaotic sequence is random-like, so probability and statistics can be used for defining to their characteristics [1] . The average of chaotic sequence is equal to 0 and is defined by:
where ( ) x ρ is a density function which does not depend on initial value. The auto-correlation function of chaotic sequence is
If two chaotic sequences begin with different values x 10 and x 20 are not overlapping, the cross-correlation function of these two sequences is
From these properties we know, that the chaotic sequences are identical with white noise whose average is zero [1] .
To select the proper parameter of different type of chaotic sequences we can use the bifurcation diagram. Bifurcation diagram shows the possible long-term values (equilibria/fixed points or periodic orbits) of a system as a function of a bifurcation parameter in the system. It is usual to represent stable solutions with a solid line and unstable solutions with a dotted line. The example of bifurcation diagram for chaotic map with different slopes is shown in Fig. 5 , where the initial value x k = 0.2, r is set to 0.1 and q is a bifurcation parameter (0.5 ≤ q ≤1.0). The chaotic sequences have the excellent statistical parameters [14] ant they are orthogonal, which is shown in our simulations.
MC-CDMA SYSTEM MODEL
In MC-CDMA, instead of applying spreading sequences, in the time domain, we can apply them in the frequency domain, mapping a different chip of a spreading sequence to an individual Orthogonal Frequency Division Multiple Access (OFDM) subcarrier. Hence each of OFDM subcarrier has a data rate identical to the original input data rate and the multicarrier system absorbs the increased rate due to spreading in wider frequency band.
In MC-CDMA transmitter, the information bits to be transmitted by a particular user, are firstly base-band modulated into some modulation symbols and then are spread by using a specific spreading sequence c m . The spread symbols are modulated by multi-carrier modulation implemented by IFFT (Inverse Fast Fourier Transform) operation. The IFFT after parallel-to-serial conversion represents the input signal of a HPA (High Power Amplifier). A block diagram of the simplified baseband model of MC-CDMA transmitter is given in Fig. 6 [7] . The receiver consists of serial-to-parallel converter, FFT (Fast Fourier Transform), BMF (receiver-Bank of Matched Filters), block of linear or non-linear transformation (labelled as T) and a decision device. The basic structure of the receivers considered in this paper is sketched in Fig. 7 [7] . Here, the operation of a single-user receiver known as BMF consists of a set of simple matched filters (correlators). In order to extend BMF into a multi-user receiver, the T-transformation block is included in the receiver structure [8] . In this paper, the linear MMSE-MUD [9] as well as nonlinear MSF-MUD for MC-CDMA [10] , [11] are considered. The Ttransformation block in MMSE-MUD is represented by multi-channel linear Wiener filter. In the case of MSF-MUD, the T-transformation block is represented by a complex valued-multichannel nonlinear microstatistic filter (C-M-CMF) [8] .
The main benefit of combining OFDM with DSspreading is that it is possible to prevent the obliteration of certain subcarriers by deep frequency domain fades [2]. 
NONLINEAR MODELS OF POWER AMPLIFIER
There are two major types of power amplifiers used in communications systems:
• Traveling wave tube amplifiers (TWTA)
• Solid state power amplifiers (SSPA)
A common characteristic of both devices is that the signal at their output is a nonlinear function of the input signal [3] . The output y(t) of the nonlinear amplifier is given by ( ) is the amplitude-to-phase (AM/PM) conversion [13] . AM/AM is given for Saleh Model as ( ) 2 .
1
.
and AM/PM as ( ) 2 2 .
where G κ = 2, G X = Φ κ = 1 and Φ X = π/3. The Saleh model is commonly used for TWTA modelling [27] . AM/AM is given for Rapp Model as ( )
and AM/PM as
where G κ = O sat = 1 and s = 3. The Rapp model is commonly used for SSPA modelling [27] . The AM/AM and AM/PM are nonlinear characteristics where the nonlinearity depends on position of the operating point.
The operating point of the amplifier is defined by input back-off (IBO) parameter, which is determined by the ratio between the saturation power of the amplifier and the average power of the input signal. Hence the IBO is given as [ ] 10 max, 10 log P in IBO dB Px
The measure of effects due to nonlinear HPA could be decreased by the selection of relatively high value of IBO.
The HPA operation in the region of its nonlinear characteristic causes a nonlinear distortion of transmitted signal that subsequently results in higher BER and out of band energy radiation [27] .
COMPARISON OF THE CHAOTIC AND ANOTHER TYPE OF PN SEQUENCES
MC-CDMA performance analysis presented in this section is based on computer simulations. The basic scenario of the simulations is represented by the uplink MC-CDMA transmission system performing through AWGN and Rayleigh transmission channel, at 16-QAM, 8-PSK or 16-PSK baseband modulation, for K active users (K = 1 -30).
As the spreading sequences, Walsh codes (ws), Gold codes (gd) with period of 32 chips as well as complementary Golay (gy) codes and Chaotic sequences (chs) with period of 31 chips have been applied. The total number of sub-carriers has been set to N = 128. In order to avoid the aliasing and the out-of-band radiation into the data bearing tones, the oversampling rate of 4 has been applied [7] . Then, Nu = 32 (for Walsh codes and Gold codes) and Nu = 31 (for complementary Golay codes and Chaotic sequences) carriers per transmitted block have been used for the spread of 16-QAM, 8-PSK and 16-PSK symbol transmission. The three types of systems are simulated here. The first one is the linear MC-CDMA system, the second one is the nonlinear MC-CDMA system with Saleh model of HPA and the third one is the nonlinear MC-CDMA system with Rapp model of HPA.
Linear MC-CDMA System
The number of 100 000 input bits, and the modulation type of 16-QAM, 8-PSK and 16-PSK was used for simulations.
In the Fig. 8 and Fig. 9 , BER vs. K users for MC-CDMA transmission system for different spreading sequences, modulation 8-PSK, Rayleigh channel and Eb/No = 10 are given. In Fig. 8 and Fig. 9 are introduced simulations for BMF and MSF receiver, respectively. It can be seen from Fig. 8 , that all the types of sequences have the same properties except of Gold sequences that have the worse properties for more users.
From Fig. 9 it can also be seen, that again all the types of sequences have the same properties except Gold sequences, which have the worst properties especially for more than 26 users.
The both type of channel AWGN and Rayleigh were simulated. This paper presents the properties only for Rayleigh channel, because it is more realistic. The AWGN channel model has the similar properties than the Rayleigh channel model, but has the lower BER. 16-QAM and 16-PSK modulation has the similar properties as 8-PSK. For the specification of the Saleh model of HPA, the parameters k G = 2, χ G = χ Ф = 1 and k Ф = π/3 have been chosen. The Saleh nonlinearity type has very destructive effect on QAM modulation (Fig. 12) [13] .
The number of 100 000 input bits, the number of K= 1-30 users and the modulation type of 8-PSK or 16-PSK were used for the simulations. In the Fig. 12 , the signal constellations of 16-QAM at the outputs of BMF for Eb/No = 12 dB are given.
In the Fig. 10-11 , BER vs. K users for MC-CDMA transmission system for different spreading sequences, modulation 16-QAM, Rayleigh channel, Eb/No = 10, Saleh model and IBO = 4 are given. In Fig. 10 and Fig. 11 are introduced simulations for MMSE and MSF receiver, respectively. The BMF receiver is not used in nonlinear system, because it is the linear receiver and for the nonlinear system it is not suitable because of its high BER.
It can be seen from Fig. 10 and Fig. 11 , that the Walsh sequences have the worst properties for nonlinear MC -CDMA system with Saleh model. Chaotic and Golay sequences have the similar properties. Gold sequences have once again for more users the worse properties than chaotic or Golay sequences.
The both type of channel AWGN and Rayleigh were simulated. From simulations it is known that, the AWGN The number of 100 000 input bits, the number of users K = 1-30 and the modulation type of 16-QAM and 8-PSK was used in the simulation. In the Fig. 15 , the signal constellations of 16-QAM at the outputs of BMF for Eb/No = 12 dB are given. It can be seen from this figure, that this type of nonlinearity doesn't have destructive effect on QAM modulation as it was in case of nonlinear MC -CDMA system with Saleh model (Fig. 12) .
In the Fig. 13 and 14 , BER vs. K users for MC-CDMA transmission system for different spreading sequences, modulation 16-QAM, Rayleigh channel, Eb/No = 10, Rapp model and IBO = 1 are given. In Fig. 13 and Fig. 14 are introduced simulations for MMSE and MSF receiver, respectively. It can be seen from Fig. 13 , that the all types of sequences have once again the same properties except Gold sequences, which have the worst properties for more users and extremely worst for more than 26 users.
It can be seen from Fig. 14 , that the chaotic sequences and the Golay sequences have the similar properties. The worst properties have the Walsh sequences for a few users and the Gold sequences for more than 26 users.
From simulations it is known, that the AWGN channel model has the similar properties than the Rayleigh channel model, but has the lower BER. 16-QAM and 16-PSK modulation has the worst properties than 8-PSK. Because of better linearity of Rapp model of HPA the performance of MSF and MMSE receivers is similar. 
CONCLUSION
In this paper, the performance of the MC-CDMA transmission system for two different models of HPA (Saleh and Rapp model), the different spreading sequences, different receiver types and modulations is investigated. It has been found that Saleh model of HPA introduces much higher nonlinear distortion and causes more significant degradation of MC-CDMA transmission system performance than that of Rapp model. The best performance we can obtain when we used the Golay sequences in combination with MSF-MUD or MMSE-MUD. Chaotic sequences have a little bit worse performance than the best Golay sequences. But the big advantage of chaotic sequences is that in theory we can generate an infinite number of states of chaotic sequences which never repeat themselves, however generator of Golay sequences can generate the finite number of states. MMSE-MUD and MSF-MUD have equivalent performance in linear and less nonlinear MC-CDMA system. The worse performance we can obtain for Gold or Walsh sequences. The BER is extremely high for more than 26 users for Gold sequences. When we compare the modulation type, the best performance has 8-PSK. 16-QAM and 16-PSK have the similar performance. 
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